In this paper bioaerosol measurements conducted with the Waveband Integrated Bioaerosol Sensor mark 4 (WIBS-4) are presented. The measurements comprise aerosol chamber characterization experiments and a one-year ambient measurement period at a semi-rural site in South Western Germany. This study aims to investigate the 5 sensitivity of WIBS-4 to biological and non-biological aerosols, performance of WIBS-4 for discrimination of several types of aerosols, and the detection and identification of biological particles in the ambient aerosol. Several types of biological and non-biological aerosol samples including spores, bacteria, pollen, mineral dust, ammonium sulphate, combustion soot, and fluorescent polystyrene spheres were analysed by WIBS-4 in 10 the laboratory. The results confirm the sensitivity of the Ultra Violet Light Induced Fluorescence (UV-LIF) method to biological fluorophores and show the good discrimination capabilities of the two wavelengths excitation/two wavebands detection method applied in WIBS-4. However, a weak cross-sensitivity to non-biological fluorescent interferers remains and is discussed in this paper.
Introduction
Primary biological aerosol particles (PBAPs) basically consist of solid particles that are derived from living organisms, including microorganisms, dispersal units and fragments 5 of all varieties of living things and they can be either dead or alive (Despres et al., 2012) . This subset of the atmospheric aerosol contains fungi, viruses, bacteria, spores, pollens and animal and plant debris. PBAPs are potentially important for cloud formation processes because they have the potential to act as effective cloud condensation nuclei (CCN) and heterogeneous ice nuclei (IN) at temperatures as warm as −2 • C (Diehl 10 et al., 2001 (Diehl 10 et al., , 2002 . They affect the public health and play important roles in several atmospheric processes (Pöschl, 2005) . There are not enough studies yet about the abundance of PBAPs in the atmosphere, their release and dispersal mechanisms and their role in atmospheric aerosol -cloud processes. Previous studies that have been conducted over the past 10 yr have shown that at-15 mospheric PBAP concentrations are highly variable and strongly related to the biological activity in the measurement area . Because of the lack of online measurement systems, the PBAP budgets have been estimated by mainly using proxy measurements such as Mannitol and organic carbon (Elbert et al., 2007) . Electron microscopy investigations combined with 20 EDX analysis of atmospheric samples have revealed a PBAP to total coarse mode aerosol particle ratio of 23.7 % in an urban/rural area and 19.5 % at a remote continental area, which correspond to PBAP number concentrations of 1.9 and 0.22 cm −3 , respectively (Matthias-Maser et al., 2000) . It should be noted that these numbers refer only to a specific size range. Gruber et al. (1999) collected both marine and continental 25 air samples on Helgoland, Germany and on board of an aircraft over the North Sea. They analysed concentration and the chemical composition of aerosol in marine and 17609 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | continental air and found that the fraction of biological particles in the total aerosol load is around 20 % for continental areas, while in marine air this value was determined to be around 9 %. Jaenicke (2005 Jaenicke ( , 2007 found coarse mode PBAP number concentrations between 1-3 cm −3 (3-50 %) in Mainz and between 0.1-1 cm −3 (15-30 %) at Lake Baikal. 5 Yadav et al. (2004) studied bacterial colonization and report phyllosphere bacterial population from non-detectable up to a maximum 1.4 × 10 7 cells g −1 . Another study gives average population densities of these epiphytic bacteria between 10 4 and 10 8 cells cm −2 (Morris and Klinkel, 2002) . Christner et al. (2008) examined the DNA-containing cell concentrations and ice nuclei (IN) properties of 19 fresh snowfalls 10 (>−10 • C) and report cell concentrations between 1.5 × 10 4 and 5.4 × 10 6 cells l −1 for melted snow water. The differences between the reported concentrations demonstrate the difficulty in estimating total concentrations of PBAP. Sanchez-Ochoa et al. (2007) found airborne plant debris concentrations between 0.03-0.36 µg m −3 . The bacterial mass concentration was reported around 0.1 µg m −3 (Bauer et al., 2002; Burrows et al., 15 2009). In addition, there are studies dealing with the release and detection of fungal spores. Bauer et al. (2002) for instance examined the number concentration of fungi at a continental background in Austrian Alps and reported fungal spore concentrations around 7.3 × 10 2 spores m −3 . Gilbert and Reynolds (2005) counted fungal spores 20 in a tropical forest and reported diurnal concentrations ranging from ∼10 2 spores l −1 to ∼10 3 spores l −1 . Wu et al. (2004) reported a total fungal spore concentration of 28 spores l −1 in Southern Taiwan and added that increasing daily temperature and relative humidity is associated with rising Basidiospore levels in the atmosphere. They also concluded that increasing Basidiospore levels in sandstorm days are mainly allocable 25 to the dust event in that area. Fungal spores are indeed a significant fraction of the atmospheric PBAP (Womiloju et al., 2003; Elbert et al., 2007; Bauer et al., 2008; Crawford et al., 2009) . Basidiomycota (BMC), which can release their spores according to active and passive mechanisms and have higher abundances at night, is one of the most abundant classes in fungi. This class of fungal spores comprise rusts, smuts and most mushroom forming fungi that produce a diverse array of fruiting bodies (Fröhlich-Nowoisky et al., 2012) . The abundance of fungal spores shows differences due to the environmental factors such as measurement location, season, measurement time and weather conditions 5 (Elbert et al., 2007) . The release of actively wet discharged Basidiomycota (BMC) appears to be correlated to the relative humidity instead of precipitation (Hirst, 1953; Gregory and Hirst, 1957; De Antoni Zoppas et al., 2006) .
The online methods, which are developed in response to bio-warfare agents, made the detection of bioaerosols from the ambient atmosphere available (Pinnick et al., 10 1998; Hill et al., 1999 Hill et al., , 2001 . The Ultraviolet Aerodynamic Particle Sizer (UV-APS) is the first commercially available instrument being able to detect bioaerosols (Hairston et al., 1997; Brosseau et al., 2000) . Huffman et al. (2010) gave an overview of the abundance of FBAP in Mainz, Germany by using the UV-APS. They analysed the particles having an aerodynamic particle size 1.0 µm < Da < 20 µm and found that FBAP 15 size distribution had shown a strong diurnal cycle with a dominant peak around 3-4 µm, which could be attributed to fungal spores or agglomerated bacterial cells. They also reported the highest number concentration in September between 8 × 10 3 and 1.2 × 10 4 l −1 for total aerosol and around 8.5 × 10 2 l −1 for fluorescent particles, respectively. Average FBAP number and mass concentrations were reported to be around 20 27 l −1 and 1.3 µg m −3 , respectively. Gabey et al. (2010 Gabey et al. ( , 2011 used the Waveband Integrated Bioaerosol Sensor mark 3 (WIBS-3) to measure fluorescent biological aerosol particles in a tropical rainforest and compared the results with equivalent measurements at an urban area in Manchester. They found the minimum and the maximum FBAP number concentrations in the understory as 50-100 l −1 late in the morning and 25 4 × 10 3 l −1 in mid-afternoon, respectively. The FBAP number concentrations between midnight and sunrise were reported between 10 3 -2.5 × 10 3 l −1 . On the other hand, a strong fluctuation was seen for the above canopy FBAP number concentrations, which were reported as 50-100 l −1 during day time and 200-400 l −1 at night. They 17611 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | also attributed these strong FBAP fluctuations to the release of fungal spores below the canopy and appeared to be linked to the elevated relative humidity of the medium.
In this paper, we present online measurements of ambient FBAP by using the latest version of the WIBS instrument suite (WIBS-4), which is based on the UV Light Induced Fluorescence (UV-LIF) method. To our knowledge this is the first online FBAP 5 study that covers a complete seasonal cycle. Although previous studies by Gabey et al. (2010 , 2011 ) and Huffman et al. (2010 measured online ambient FBAP concentrations, their studies cover only short periods and do not provide any information about the seasonal behaviour of the biological aerosol. Gabey et al. (2010) sampled the fluorescent biological aerosol particles for 10.5 days (from 19 April to 3 May 2008) 10 and for 75 h (from 18-23 July 2008). Gabey et al. (2011) collected fluorescent data from 4-21 December 2009. Huffman et al. (2010) collected the ambient data from 3 August to 4 December 2006. Our data give an insight on how the PBAP concentration differs in time and also gives first correlations of the PBAP budget with the meteorological conditions. We found especially a significant correlation of the FPAB concentration 15 with the relative humidity. Our results contribute to the recent discussions on the role of PBAP for atmospheric processes and might be a useful data set for the development of new PBAP emission parameterizations for atmospheric aerosol and cloud models.
Experimental methods
The UV-LIF method is used in this study for the discrimination of non-biological aerosol 20 from biological aerosol particles (Pinnick et al., 1995; Hairston et al., 1997; Eversole et al., 2001; Ho, 2002) . The method is focused on detecting the fluorescence signals from common amino acids like tryptophan, phenylalanine and tyrosine and also from nicotinamide adenine dinucleotide (NADH), which is the metabolic product of bacteria. Among the 20 amino acids, these three are the only ones that can produce enough 25 intrinsic fluorescence after being treated by UV light. Tryptophan is the only amino acid that shows fluorescence emission between 300-450 nm (excitation at 280 nm) and its emission signal is not absorbed by other species (Pan et al., 2007; Pöhlker et al., 2012) . NADH is another bio-molecule which is ubiquitous among living organisms with a fluorescence emission between 400-600 nm (excitation at 370 nm, Pöhlker et al., 2012) . The combination of measured fluorescence signals from tryptophan and NADH makes it possible to analyse and differentiate biological aerosol with this method. 5
WIBS-4 technical details
WIBS-3 is a single aerosol particle fluorescence monitor that uses the Ultra Violet Light Induced Fluorescence (UV-LIF) method to detect FBAP (Kaye et al., 2005; Foot et al., 2008; Stanley et al., 2011) . WIBS-4 incorporates numerous software improvements over previous WIBS versions as well as a five-fold improvement on fluorescence sen-10 sitivity. In principle WIBS-4 has two filtered Xenon lamps, which provide two sequential ultraviolet pulses centred at 280 and 370 nm. The Xenon lamps are capable of firing at a maximum repetition rate of approximately 125 Hz. This corresponds to a maximum detectable particle concentration of approximately 2×10 4 particles l −1 . These ultraviolet pulses are used to excite tryptophan and NADH fluorescence in the particles. Result-15 ing total fluorescence is then measured in three fluorescence channels: the emission following a 280 nm excitation is recorded in the 310-400 nm (channel F1, tryptophan) and 420-650 nm (channel F2) wavebands, and a 370 nm excitation is recorded in the 420-650 nm waveband (channel F3, NADH). These individual channels provide essential information about the nature of the detected particles. Therefore, as in the pre-20 vious study by Gabey et al. (2010) we also used the combination of F1 and F3 for discriminating fluorescent biological aerosol particles (FBAP). As in the previous WIBS instruments, the Mark 4 version records the optical size and the shape in addition to the fluorescence excitation-emission matrix from individual particles collected in the approximate size range 0.5-16 µm. Owing to possible interference from non-biological WIBS-4 detects forward scattered light using a quadrant photomultiplier tube (PMT). The four scattering signals of this detector are used to size the particles according to Mie theory and to deduce information about the particle shape. The latter is based 5 on the fact that only spherical particles scatter light axisymmetric around the incident light direction while non-spherical particles in general show an asymmetric scattering pattern. Therefore, it is possible to find a metric relation between particle shape and the azimuthal distribution of the scattered light, which is defined as the Asymmetry Factor AF (Hirst et al., 2001; Kaye et al., 2007) .
Here,Ē is the mean of the four scattering intensities of the quadrant PMT and k is an instrument constant to ensure that the maximum possible value of AF is 100. According to this definition, AF is zero for a perfectly spherical particle, while it approaches to 100 for a fibre which is oriented with its long axis perpendicular to the incident light 15 direction. It was found by Foot et al. (2008) that an elongated particle, such a rodshaped substance, indeed tends to be aligned parallel to the direction of the sample airflow, i.e. perpendicular to the incident light. In laboratory tests with polystyrene latex (PSL) particles, we have found that due to the detector noise the AF value of real spherical particles is around 8 with slightly higher values for particles with diameters at 20 the lower detection limit of the instrument (Fig. 1) .
As for other optical particle counters, the WIBS-4 scattering channel is calibrated by using spherical PSL particles of known diameter and refractive index. In the present work the manufacturer instrument calibration was checked from time to time with PSL particles of different size. The total aerosol flow for WIBS-4 is set to 2.5 l min −1 . A special aerosol inlet system is used in WIBS-4 in order to generate a confined particle beam through the detection volume. For that, the total aerosol flow is split and the main part is directed through a HEPA filter and then returned to sheath the remaining sample flow in the inlet. In this way a confined sample flow of about 0.23 l min −1 is generated by the inlet. 
Fluorescence threshold for identification of FBAP
With each UV excitation pulse, the WIBS-4 records always a finite amount of background fluorescence. To distinguish this background from the particle-induced fluorescence signal a threshold is defined. Therefore, the instrument can be operated in a forced trigger mode, to measure solely the background fluorescence. In this mode 10 the xenon lamps are fired periodically at approximately 1 s intervals with no particles present. A minimum 5 min forced trigger measurement was always performed before starting any measurement.
Background fluorescence intensity in each channel (F1, F2, and F3) is a combination of the standard deviation of detector noise, the variability of the UV pulse intensities, 15 and the fluorescence induced from aerosol particles escaped from the aerosol flow and deposited on the inner walls of the detection chamber. Following Gabey et al. (2010) , the noise threshold is defined as in Eq.
(2) and could be altered during data processing. Forced trigger data are marked in the single particle data set. According to Eq. (2), any measured fluorescence signal having an intensity above E Threshold is accepted and 20 recorded as a fluorescent particle.
For the one year ambient operation of WIBS-4, the variability of the background fluorescence signals of the individual channels is shown on Fig. 2 . From these measurements the mean background signalsĒ i and standard deviations σ i were determined for the 25 three fluorescence channels as 39.02 ± 1.92 for F1 280, 6.33 ± 2.82 for FL2 280, and 17615 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | 37.84 ± 4.48 for FL2 370, in arbitrary units. Stability of the power of UV lamps was also checked and despite a slight increase of Xe-280 (∼12.5 %) and Xe-370 (∼8 %) intensities with time, neither sudden increase nor decrease was observed.
In the UV-LIF method approximately 1 % of non-fluorescent particles are misclassified as fluorescent, but an unknown number of fluorescent particles inevitably go 5 undetected through the pre-defined threshold levels of the instrument (Gabey et al., 2010) . Moreover, there is another class of aerosol which consists of substances having fluorescent ability although they are non-biological in nature. This is well known as interference to UV-LIF detection. Since they produce high fluorescence intensities on different channels, it is difficult to exclude this kind of fluorescence signal from the total 10 fluorescence.
However, as an advantage of single particle detection, a variable threshold value can be described and used. Laboratory analysis of several biological and non-biological aerosols gives an idea about fluorescence behaviour of non-biological aerosols. It was shown that these particles produce sparse false triggers that saturate the fluorescence 15 detectors, especially under high aerosol concentrations. On the other hand it could be shown that typical biological aerosol particles, e.g. bacteria and spores, never saturate the fluorescence detectors. Hence our new threshold analysis also excludes particles showing fluorescence signal high enough to saturate the detectors in addition to those particle events that can be excluded according to the lower threshold definition given in 20 Eq. (2). However, a remaining low fraction of the non-biological aerosol particles might still be misclassified. The contribution of those particles to the FBAP aerosol fraction must be quantified by laboratory studies.
Data analysis methods
The instrument is controlled via a laptop connected over a USB 2.0 port. Manufactur-25 ers' software is used to store the measured single particle data in comma separated value (CSV) files. The CSV files contain the particle arrival time, the forward and side scattering data, the power of the xenon lamps, the fluorescence intensities for the three different channels, the time of flight (TOF) values, the particle optical size in µm, the asymmetry factor values as well as the missed particle counts.
A Matlab program is used to process the single particle data. The program was written and applied for WIBS-3 data in previously published studies (Gabey et al., 2010 . Because of the huge amount of single particle data, the data sets were binned 5 into 15 min time bins and analysed. The Matlab code searches through all data and collects the marked forced trigger data for each individual channel and calculatesĒ i and σ i values for the individual channels (cf. Sect. 2.2). According to Eq. (2), the threshold intensity is calculated (E Threshold ) and all single particles having a fluorescence signal above this threshold value and not saturating any fluorescence channel are accepted 10 as fluorescent aerosol particles.
Result and discussion

Laboratory aerosol tests
The experiments were conducted at the stainless steel aerosol chamber NAUA at the Institute for Meteorology and Climate Research (IMK-AAF, KIT). The experiments were 15 conducted within the large international campaign BIO-05, which had the focus on the role of biological aerosols on cloud formation and ice nucleation. The chamber has a volume of 3.7 m 3 and is equipped with a comprehensive set of aerosol instruments.
Number concentration and size distribution of the aerosol in the chamber were measured by the set of devices including the WIBS-4, an Aerodynamic Particle Sizer (APS, 20 TSI mod. 3321) as well as a Condensation Particle Counter (CPC, TSI mod. 3022, 3775). Because the WIBS-4 detection method is based on the measurement of intrinsic fluorescence from single atmospheric aerosol particles, it is likely that there are nonbiological components in the atmospheric aerosol that show a detectable amount of 25 fluorescence signal. For instance, soot particles from combustion processes, which 17617 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | contain Polycyclic Aromatic Hydrocarbon (PAH) components, contribute to the PM 2.5 mass of the atmospheric aerosol (Schauer et al., 2004) . These aerosol components show fluorescence emission after the excitation with UV light (Pöhlker et al., 2012) . Several laboratory experiments were performed in this study to investigate the efficiency of WIBS-4 for discriminating biological aerosol from non-biological aerosol. 5 Several main atmospheric aerosol components including ammonium sulphate, black carbon, cellulose fibres, and mineral dusts were used in these experiments. Based on the results of these laboratory tests it is possible to optimise the threshold detection levels of WIBS-4 in order to get a good discrimination of non-biological and biological aerosol particles (cf. Sect. 2.2). This optimisation is a trade-off between higher threshold values, which can cause a non-detection of some biological aerosol species and relatively low thresholds, which can cause a significant misclassification of nonbiological particles. aerosols, which were measured by WIBS-4 from the NAUA chamber. First, ammonium sulphate aerosol was added to the chamber until the number concentration measured by the CPC reached an initial value around 5 × 10 4 l −1 . The ammonium sulphate aerosol had been sampled for approximately 80 min before about 2 × 10 4 l −1 of penicillium notatum type of spores were added. At that time the CPC number concentration 20 of the ammonium sulphate particles had already dropped to about 2.5 × 10 4 l −1 . The time evolution of the experiment is illustrated by Fig. 3 . Because of the different size ranges of the CPC and WIBS-4 instruments, the total number concentration measured by WIBS-4 for the ammonium sulphate aerosol was only around 0.4 × 10 4 l −1 .
Ammonium sulphate and fungal spores
The FBAP number concentrations deduced from the WIBS-4 fluorescence data for 25 spores and ammonium sulphate aerosols were around 1.0 × 10 3 l −1 and below 10 l −1 , respectively. The FBAP to total aerosol ratio was calculated as 0.1 % for ammonium sulphate and around 20 % for spores. If WIBS-4 would have classified all the fungal 17618
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | spores (∼2 × 10 4 l −1 ) in the chamber as biological, N FBAP N −1 T ratio would be about 80 %. However, N FBAP N −1 T ratio stayed around 20 %. This result can be explained by considering that our definition of biological aerosol consists of only viable species. To find the quantitative contribution of the particle fluorescence to the number of biological particles, which is calculated by using different definitions of biological aerosol, Fig. 3a , 5 b is represented side by side. By comparing panels (a) and (b) of Fig. 3 , it can be seen that the FBAP definition given in Table 1 results in a much better discrimination of the biological particles. Figure 3a shows that ammonium sulphate aerosol produces a fluorescence signal mainly in channel F1, which is the short wavelength excitation and detection. On the other hand using a combination of the two fluorescence detection 10 channels F1 and F3 suppresses almost all ammonium sulphate aerosol particles in the fluorescence measurements in the case of penicillium notatum/ammonium sulphate mixture (Fig. 3b ).
Mineral dust
Mineral dust is also one of the most abundant aerosols in the atmosphere (Rosenfeld 15 et al., 2008; Monks et al., 2009 ) and its fluorescence ability might be the strongest interference factor of the UV-LIF method. To investigate the fluorescence behaviour of mineral dust, a series of experiments with mineral dust aerosol was performed during BIO-05. Because of its atmospheric relevance, a Saharan dust sample was used. The initial CPC number concentration after the addition of the dust was about 55 cm −3 . The 20 Saharan dust sample that we used in the chamber had a size distribution between 0.05-2.5 µm (Möhler et al., 2006) . Because of the fact that the WIBS-4 can measure the optical particle size for only particles greater than 0.5 µm, we observed a lower total aerosol number concentration compared to the CPC measurement. Therefore, Fig. 4 represents only the particles corresponding to an optical size between 0.8 and 16 µm. 25 The total aerosol number concentration N T was measured to be between 2 × 10 3 and 6 × 10 3 l −1 .
17619 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | We did the same analysis as in the ammonium sulphate case and compared the number concentrations of Saharan dust aerosols for different definitions of biological aerosol. Figure 4a shows the number of fluorescent particles using channel F1, while Fig. 4b represents the combination of F1 and F3 channels. Number concentrations of Saharan dust aerosol by using channel F1 was found to be between 10 2 to 10 3 l −1 , 5 while the FBAP number concentration derived from both F1 and F3 varied between 10 1 to 10 2 l −1 . Although it was not possible to supress all Saharan dust particles as in the case of ammonium sulphate aerosol, the use of FBAP for discrimination of biological aerosol resulted in a lower contribution from Saharan dust particles. The fluorescent to total aerosol number concentration ratio (N F1 N −1 T ) was around 10 % when using the 10 F1 channel, while N FBAP N −1 T was only around 1 %. If we assume an extreme case of an ambient dust aerosol number concentration of 600 particles l −1 , which corresponds to a typical total aerosol concentration at our sampling site (Table 1) , the mineral dust aerosol would contribute by less than 6 particles l −1 to the biological aerosol number concentration.
Nevertheless, the nature of the observed fluorescence behaviour of Saharan dust is quite interesting. Recent studies show that biological substances attached to dust particles can travel over long distances and therefore, strong sand storms might disperse viable microbes over wide continental regions (Hallar et al., 2011) or even globally (Smith et al., 2011) . In this context we can speculate that, Fig. 4b can be either the re-20 sult of a misclassification in which mineral dust particles produce false triggers or could be the first indication of microorganisms on the dust particles, which can produce true signals. In our case, it was not possible to clarify this behaviour by using the available measurements. However, this will be the subject of forthcoming studies. 25 Soot aerosol (black carbon), which is emitted through combustion processes, contributes to atmospheric aerosol and its major sources are fossil fuel and biomass Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | burning (Cooke et al., 1999) . Past studies report that soot aerosol contains fluorescent Polycyclic Aromatic Hydrocarbons (PAH) and therefore, might be a significant interference factor for the UV-LIF method to detect biological particles (Schauer et al., 2004; Gabey et al., 2011; Pöhlker et al., 2012) . We used aerosol emissions from a propane diffusion flame (mini-CAST, Jing Ltd, Switzerland) to investigate the WIBS-4 fluores-5 cence detection behaviour in case of fossil fuel combustion aerosol. The CAST burner can be operated under different fuel-to-oxygen (C/O) ratios in order to generate soot aerosol emissions with different organic carbon contents . During the BIO-05 campaign, we used CAST combustion aerosol that was generated at a C/O ratio of 0.5. The soot aerosol was mixed with ammonium sulphate aerosol in the 10 NAUA aerosol chamber. The initial CPC aerosol number concentration of the mixture was around 1.7 × 10 5 l −1 , which dropped to around 1.0 × 10 5 l −1 over the course of the experiment mainly due to dilution. The total aerosol number concentration of the particles with optical diameters larger than 0.8 µm, as measured by the WIBS-4 instrument, was around 5.0 × 10 3 l −1 .
Soot aerosol
15
The time evolution of the experiment is again illustrated in the same way as the previous experiments (Fig. 5) . By using the combination of F1 and F3 fluorescent channels, the N FBAP was found around 10 l −1 for ammonium sulphate and soot aerosol mixture. N F1 N −1 T and N FBAP N −1 T were found around 1.21 % and 0.17 %, respectively. When we compare Fig. 5a and 5b , we see that the combination of F1 and F3 provides a much bet- 20 ter discrimination of non-biological aerosol. However, there is a remaining interference of about 0.2 % from non-biological aerosol. According to our first experiment, which quantifies the fluorescence signal coming from ammonium sulphate aerosol, it can be accepted that all measured fluorescence is due to the soot aerosol. If we assume total aerosol number concentrations expected in a semi-rural area to be around 600 l −1 (see 25 the results presented in Sect. 3.2), combustion aerosol emissions might contribute to the detected fluorescent biological aerosol number concentration by about one particle l −1 at most.
17621
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | After testing several non-biological and biological aerosol mixtures, we had the opportunity to make some test measurements by using different bacterial species, which had been prepared within the BIO-05 campaign for the purpose of investigating their ice nucleation capabilities in cloud chamber experiments. We present here only one example from the cloud expansion experiments which were done within the BIO-05 5 campaign. The following results clearly show the capability of WIBS-4 in the detection of bacterial species. Because we did not use classical bacterial growing methods to check the viability status of the used bacterial strains we can only speculate about the viable and non-viable bacteria number concentration during these experiment. Assuming that channel F1 measures only the fluorescence from tryptophan (which is an 10 indicator for biological organisms) and the channel F3 from NADH (which is an indicator for living biological organisms), we can speculate that the combination of F1 and F3 (FBAP) gives the fraction of viable species. The lower plots in Fig. 6a, b show that (i) all bacterial species in the cloud chamber (AIDA) were counted based on the F1 channel and (ii) only a minor fraction of those particles were classified to be alive based on 15 the FBAP combination. This would mean that only around 10 % of all bacterial cells managed to survive the harsh conditions during a cold cloud expansion experiment. Although this interpretation is quite speculative at the moment, the observation gives us the motivation for future studies. These studies will aim at the comparison of the WIBS4-based bacteria detection capabilities with classical techniques in order to see 20 if the instrument can also reliably discriminate the fraction of viable bacterial cells.
As a conclusion of the above laboratory experiments we can say that the fluorescence signal from ammonium sulphate aerosol can be completely suppressed by using the combination of the F1 and F3 fluorescence channels. As a second important result of these experiments we can admit that there was a small but significant amount of 25 fluorescence signal induced by mineral dust particles. This could be the first indicator of biological species residing on the surfaces of the dust particles. Another important finding is the low cross sensitivity of the used biological aerosol definition (FBAP: F1 and F3) in the case of CAST fossil fuel combustion aerosol, which is found to be only around 0.2 %.
Ambient measurements
We used the WIBS-4 to characterize the ambient aerosol in the vicinity of the IMK-AAF (Institute for Meteorology and Climate Research, Atmospheric Aerosol Research) building at KIT (Karlsruhe Institute of Technology, Campus North) in Karlsruhe, Germany (49 • 5 43.58 N, 8 • 25 45 .04 E; 112 m a.s.l.). The WIBS-4 inlet was placed on the roof of the aerosol laboratory, i.e. approximately 5 m above the ground. We used a Total Suspended Particles inlet (TSP, Digitel, Model DTSP01/00/16) to sample ambient aerosol. The TSP inlet is an omnidirectional inlet, which is widely used for general 10 particulate pollution monitoring. There are different versions available for both high volume and low volume air pollution monitoring applications. In our study, we used the low-volume TSP inlet that requires a sample flow rate of 1 m 3 h −1 (16.67 l min −1 ). With this sample flow rate the TSP inlet is specified to collect particles with a wide spectrum of sizes up to around 30-40 µm. The 13 mm inner diameter stainless steel sampling 15 tube downstream the TSP inlet penetrates the roof of the laboratory where it is fitted to a 40 mm inner diameter flow tube, which is operated at flow rate of 16.67 l min −1 . At the far end of this tube another 13 mm inner diameter sampling tube penetrates the wider flow tube by about 40 cm forming an isokinetic sampling tube for WIBS-4, which has a sample flow rate of 2.5 l min −1 . The sampling is said to be isokinetic when it is 20 isoaxial and the mean sample flow velocity through the face of the inlet is equal to the gas flow velocity (Baron et al., 2001) . The final connection between WIBS-4 and the TSP isokinetic inlet system was made using an electrically conductive silicon rubber tube (length 35 cm, inner diameter 13 mm). The measurement site is surrounded by a forest from the north-east to the south- 25 west and has a distance from the closest highway of almost 550 m. Ambient temperature (T ), relative humidity (RH) and pressure were simultaneously measured using a chilled mirror hygrometer. Wind speed and direction were measured by using a 3-D 17623
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | sonic anemometer (USA-1, ACH+T, one s time resolution). We obtained additional wind data together with precipitation (mm) and global solar radiation (W m −2 ) data from the meteorological tower of KIT located about 500 m to the south-west of the measurement site. WIBS-4 sampled the ambient air continuously over a period of 1 yr (1 April 2010-1 April 2011). The measurement stopped sometimes because of undefined prob-5 lems with the data acquisition software. Those missing data periods are represented by gaps in the figures below.
As a consequence of the findings from the above laboratory tests, we used the combination of the two fluorescence channels F1 and F3 (FBAP) to discriminate biological from non-biological aerosol particles. Fifteen min averages of the FBAP number concentrations, the relative FPAB aerosol fractions and their size distributions are illustrated in Fig. 7 . To highlight the seasonal variability of the atmospheric FBAP component, Fig. 7 is composed of 4 panels representing the spring (April-June), summer (July-September), autumn (October-December) and winter (January-March) periods.
Based on this one year data set, we can conclude that N FBAP and N T showed large 15 variability (see Fig. 8 and Table 2 ). However, the FBAP number concentrations and number fractions exhibit a clear seasonal cycle. We observed high FBAP number concentrations and FBAP number fractions from late spring until early autumn. On the other hand, we found lowest FBAP number concentrations in the winter period. These results are also in a good agreement with the typical fungal spore releases in Eu- while the relative contribution of FBAP to the total aerosol particle (TAP) varied between 0.26-40 % (Fig. 7a ). Summer N FBAP and N FBAP N −1 T were between 0.58-244 l −1 and between 0.90-42 %, respectively (Fig. 7b ). Autumn N FBAP and N FBAP N −1 T varied between 0.29-135 l −1 and between 0.32-30 %, respectively (Fig. 7c) . The ranges of FBAP number 25 concentrations and N FBAP N −1 T aerosol fractions were significantly reduced in the winter period to ranges of 0.29-80 l −1 and 0.43-18 %, respectively (Fig. 7d ). Figure 8 shows the statistical analysis of the fifteen min average number concentrations for the individual seasons. The corresponding values were also tabulated in Table 2 . As already mentioned, the statistical analysis of the data revealed that fluorescent biological aerosol number concentrations (N FBAP ) and the relative contribution of FBAP to TAP (N FBAP N −1 T ) exhibited a clear seasonal dependence (Fig. 8b, c) . On the other hand the seasonal mean of N T (Fig. 8a) was almost constant over the course of our one year sampling period, which had the minimum value in autumn and the max-5 imum value in spring. In contrast to the summer and autumn periods, the spring and winter N T possessed strong fluctuations which are reflected in the length of the corresponding 10-90th percentile bars in Fig. 8a . We can speculate that these fluctuations are due to local sources (e.g. grass cutting events around the site). These fluctuations appeared also in the figures which show the diurnal change of N T (Fig. 10) . 10 We also analysed the diurnal changes in the FBAP and TAP number concentrations and distributions. Figure 9 represents these diurnal changes of FBAP for the different seasons. In spring term, N FBAP started to increase after sunset and reached its maximum value in the early morning h (Fig. 9a) . The lowest N FBAP values were measured during day time, between 12:00 and 15:00. On the other hand, we observed a steep 15 increase in N T after sunrise and the maximum TAP number concentrations were observed during day time (Fig. 10a ). After 15:00, N T started to decrease until sunset. After the sunset, N T slightly increased and stayed constant until the next sunrise. In spring, we observed a diel mode at ∼2.5 µm for FBAP. In summer, we again observed clear diurnal changes in FBAP and TAP number concentrations. N FBAP was, like in spring 20 term, high between 18:00 and 09:00 (Fig. 9b) . Besides, the decrease in the N FBAP shifted to early noon h. Similar to the spring term, N T was high during day time and lower but almost constant between 17:00 and 06:00. A steep increase in N T was again observed after sunrise until 12:00 and it started to decrease again after 12:00. We observed the same diel mode at ∼2.5 µm which suggests the release of a specific type of 25 biological aerosol around the measurement site. The observed diurnal changes in TAP number concentrations with larger concentrations of bigger particles during day time suggest that the reported diurnal changes of the N FBAP concentrations is not simply due to convective mixing and dilution during day time (Garland et al., 2008 (Garland et al., , 2009 ) but 17625 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | indicates a specific release mechanism. This specific release mechanism is discussed in the next section in detail.
In the autumn period, we observed a similar diurnal change of FBAP in analogy to the spring term (Fig. 9c) . The same diel mode around 2.5 µm was again observed. On the other hand, N T stayed constant during the whole day. However, in contrast to the 5 spring term, autumn and summer biological aerosol size showed a broader distribution. A higher number concentration of larger particles was observed, which may reflect another type of aerosol release in this time period, i.e. different kind of fungal spore or pollen release. Since this type of aerosol consists of larger particles (here >16 µm), they saturate the detector and fall to the last size bin of the WIBS-4 (greenish solid line 10 on lower panels of Fig. 9b-d) . Unlike the other three seasons, in winter we observed almost constant number concentrations of FBAP and TAP (Figs. 9d and 10d) . Night time N T values, however, were for the first time higher than during day time. N T started to increase after 17:00, reached its maximum value at 23:00 and started to decrease after 04:00. Again a diel mode of FBAP at 2.5 µm was observed. However, this mode 15 was not as clear as it was in other three seasons. Figure 11 shows the fluorescence data combined with asymmetry factor data for FBAP and TAP. It can be clearly seen that the observed FBAP diel mode consists of less spherical particles having AF values between 10 and 40, while TAP includes another type of aerosol which is more spherical (AF smaller than 10). 20 As a result of this diurnal analysis, we can give the following conclusions. First, we observed one distinct mode for FBAP at ∼2.5 µm and with a specific particle shape, which indicates the emission of a site specific biological aerosol type (most likely spores). Second, the diurnal change in N T with strong fluctuations during day time may be explained by the boundary layer mixing effects and local sources. Diurnal 25 changes of TAP in the spring period suggest that local events can significantly influence the coarse mode (D p > 2.5 µm, optical size) aerosol distribution and should be carefully considered to prevent any over estimation of biological and non-biological aerosol. However, the diurnal changes of FBAPs were considerably different from the change in N T which suggests that FBAP sources appear to have a specific release mechanism with a strong diurnal cycle. Figures 12, 13, 14 and 15 show the fluorescence data combined with several meteorological data for four selected sampling periods. Because the fluorescence data showed 5 certain diurnal patterns, we looked for correlations of the FBAP number concentration with different meteorological parameters. To get a first overview of the role of each meteorological parameter for this correlation, we plotted all data in the same figure. In Figs. 12 and 13 the strong correlation between N FBAP and the relative humidity is eye-catching, especially during clear sky periods (indicated by distinct diurnal courses 10 of the global solar radiation) with warm and dry days and cool and humid nights (i.e. between 22 May-25 May). For these periods we observed a continuous release of biological aerosol particles during night time which is obviously triggered by the highly humid conditions. This kind of biological aerosol release was investigated by several groups in the literature. For instance, Hirst (1953) found a direct relation between Basid-15 iomycota (BMC) type of fungal spore release and relative humidity. This type of fungus ejects its spores according to an active mechanism and the ambient relative humidity is the key factor (Pringle et al., 2005; Elbert et al., 2007) .
Correlation of FBAP with meteorological data
We performed a statistical analysis of the data to quantify the correlation between the FBAP number concentration and the relative humidity. Mean and median FBAP 20 number concentration values were compared with the relative humidity values, which were measured at the same time, and FBAP numbers falling into 1 % relative humidity bins were calculated. The resulting curves were then fitted according to a power law function. The coefficients of determination (R 2 ) for the non-linear regressions were also calculated and reported. Figure 16 represents the correlation between N FBAP and 25 relative humidity for the four seasons. This figure clearly shows that the FBAP number concentration increased exponentially for relative humidity conditions higher than about 75 % until 98 %. Our finding is in a good agreement with the results published 17627
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | by Gabey et al. (2010) . As a conclusion of this correlation, we can also speculate that our results are consistent with the well-known behaviour of Basidiomycota (BMC) type of fungal spores, which are released mostly during night time and under humid conditions. However, under the light of our findings it is not possible to come to a conclusion about the spore type and the exact release mechanism of these particles. 5 Fröhlich-Nowoisky (2012) presented the DNA-based analysis of airborne fungi in continental, coastal and marine air. They concluded that the BMC dominate continental air, while Ascomycota (AMC) prevails mostly in marine and coastal air. They also showed that most of the BMC species detected in continental, coastal and marine air belong to a single taxonomic class, the Agaricomycetes. A clear identification of 10 this kind of spore release would be possible by collecting filter samples and analysing these samples with electron microscopy and DNA-based techniques in order to specify the spore type. The Polymerase Chain Reaction (PCR) method for instance makes it possible to identify specific types of fungal species (Alvarez, 1995; Zhou et al., 2000; Nowoisky et al., 2009; Fröhlich-Nowoisky et al., 2012; Lang-Yona et al., 2012) . This will 15 be performed in follow-up studies, but is beyond the scope of this work. On the other hand, we did not find any evidence of passive bioaerosol release, which is generally related to the wind speed and wind direction or precipitation. However, in some cases slightly increased FBAP number concentrations were observed following rain events. 20 Another valuable result of this study is quantifying the size dependence of the relative contribution of FBAP to TAP. Figure 17 illustrates the relative contribution of FBAP number concentration to TAP for four sampling terms. By following the study published by Huffman et al. (2010) , we integrated our data as 20 min time intervals, which corresponds to a total air volume of ∼5 l. By following the statistical calculation used by Huffman et al. (2010) , we assumed that WIBS-4 should be able to detect at least one biological particle in 5 l of sampled air. Huffman et al. (2010) reported the number ratio of FBAP to TAP to be less than 10 % for the fine particulate matter (1.0 µm < Da < 2.5 µm, aerodynamic size) in Mainz, Germany. For the same seasonal period and including almost the same size range, WIBS-4 measured about 20 % contribution (Fig. 17c) . Overlapping of the median and the mean curves on this ratio plots asserts the good counting statistics of the instrument. A deviation from this overlapping could be because of the low counting statistics, which is reflected on median curves for bigger 5 particles.
Size dependence of the FBAP/TAP ratio
In the spring period, we observed one broadened peak around 3 µm (Fig. 17a ) which is reflected by both median and the mean ratio curves. For the coarse mode particles the median ratio curve dropped gradually after this peak, while the mean ratio curve increased for the bigger particles. The decrease on the median ratio curve in this pe-10 riod can be explained also by low counting statistics, which forces the median towards zero. N FBAP N −1 T was calculated as ∼30 % for the fine particles (D p < 2.5 µm, optical size) in this season. Median and mean ratio curves differed for particle sizes larger than ∼3 µm, which shows that during spring term the FBAP population was dominated by small particles. In the summer period, the median ratio curve shows a different behaviour compared to the spring period ( Fig. 17b) , whereas the mean ratio curve has preserved almost the same trend. The median ratio curve maximum position is shifted to slightly larger sizes and, therefore, the counting statistics was obviously better for larger particles compared to the spring period. The N FBAP N −1 T (%) was calculated as ∼30 % for fine mode particles and ∼40 % for the coarse mode particles. During the 20 autumn period (Fig. 17c ), a similar pattern was observed with a small shift of the median curve maximum. N FBAP N −1 T (%) was found to be around 20 % for fine particles and between 30-40 % for coarse mode particles. These observations show that the coarse mode of the FBAP population was significantly increased in the summer and autumn seasons compared to the spring, which indicates the release of additional larger 25 bioarosol particles (e.g. spores and pollens) in these periods. It can clearly be seen that during the winter season (Fig. 17d) , the relative contribution of FBAP to TAP was decreased to around 15 % for fine particles which represents the lowest background 17629 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | FBAP concentration present during all year. However, the coarse mode FBAP contribution was between 20-50 % and, thus, comparable to the other seasons.
Conclusions and outlook
In this paper, we presented several laboratory tests and a one-year online measurement of ambient aerosol by using the UV-LIF method, in a semi-urban area at Karlsruhe 5 Institute of Technology (KIT), Campus North, Germany. For this purpose, a recently developed single particle bioaerosol sensor (WIBS mk4) was used. To our knowledge, this study is the first long term usage of WIBS in a field campaign which provides insight into the capabilities of this instrument for analysing the seasonal variations of Fluorescent Biological Aerosol Particles (FBAP) in the atmospheric aerosol. Laboratory mea-10 surements supported and clarified the accuracy of defined threshold to discriminate the biological from non-biological aerosols. As a final conclusion of these laboratory tests we can indicate that, although there are particles which fluoresce and interfere in this method, the use of the combination of two fluorescence channels provides a good discrimination of biological aerosol. For example, ammonium sulphate aerosol which 15 prevails in the ambient air can be easily differentiated by this method. Furthermore, it is also possible to distinguish mineral dust which represents an important component of the atmospheric aerosol that affects atmospheric processes in several ways, can also be separated from fluorescent biological aerosol particles. A low cross sensitivity of the used biological aerosol definition (FBAP: F1 and F3) in the case of CAST soot aerosol 20 was also observed. However, the contribution was only around 0.2 %. In future studies, other measurement parameters like the particle asymmetry factor can be exploited to provide an even better discrimination of biological aerosol.
FBAP were observed during the entire sampling period. FBAP number concentrations increased gradually from spring to summer and decreased in the same manner 25 towards the end of autumn and reached a minimum value in winter. Fluorescent biological aerosol particle number concentration was between 10-53 l −1 (mean = 29 l −1 ) and 20-80 l −1 (mean = 46 l −1 ) in spring and summer, respectively. In autumn and winter, N FBAP was between 8-54 l −1 (mean = 29 l −1 ) and 8-32 l −1 (mean = 31 l −1 ), respectively. In spring and summer, the relative contribution of FBAP to the total aerosol particle (TAP) varied between 0.26-40 % (mean = 7 %) and 0.90-42 % (mean = 11 %) while in autumn and winter the ratio varied between 0.32-30 % (mean = 7 %) and 0.43-18 % 5 (mean = 4 %), respectively. The correlation of the WIBS fluorescence measurements with meteorological data showed a strong relation of the FBAP number concentrations with the relative humidity. Measured wind data was also presented on the same plot (Fig. 12 ). However, FBAP concentrations changed independently of the wind speed and the wind direction. In 10 most of the time, FBAP was dominated by one distinct mode of particles which appeared between 2 to 3 µm and which we attribute to a site-specific spore type. Although a detailed speciation is not possible with the UV-LIF method, the fact that this FBAP mode shows a strong correlation with the relative humidity, which reveals an effective release mechanism during humid clear-sky nights, points toward a Basidiomycota type 15 of fungal spore.
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